Abandoned industrial and public supply wells and improperly constructed monitoring wells open to multiple water-bearing zones can short circuit the ground-water-flow system and act as conduits for contaminant transport. A combination of borehole geophysical methods, measurements of vertical bore hole flow, and analyses of borehole-fluid samples were used to assess aquifer cross-contamination. Caliper, fluid-resistivity, fluid-temperature, natural-gamma, and single-point-resistance logs were used to locate water-bearing fractures and determine zones of vertical borehole-fluid movement. The direc tion and rate of vertical borehole-fluid flow was measured by injecting a slug of high-conductance fluid at a specific depth in the borehole and monitoring the movement of the slug with the fluid-resistivity tool. After depth intervals of borehole flow were identified, samples of moving fluid were extracted from nine boreholes in an industrial area of Hatboro, Pennsylvania, at a rate less than that of the mea sured borehole flow and analyzed for volatile organic compounds. An estimated 80.9 kilograms per year (14.7 gallons) of volatile organic compounds were moving downward in the sampled boreholes from the contaminated, upper part of the aquifer to the lower part, which is tapped by public-supply wells. Trichloroethylene accounts for 94 percent of the compounds. Borehole geophysical logs were used as the basis for designing and constructing monitoring-well networks in the area in such a way as to prevent aquifer cross-contamination.
Introduction
Many public supply, industrial, and monitoring wells in the United States are completed as open holes that obtain water from several formations or from several water-bearing zones in a single formation. The advantage to this construc tion practice is that a much greater yield can be obtained than if a well is open to a single formation or water-bearing zone. The disadvantage is that these boreholes, which connect sev eral aquifers or water-bearing zones, commonly short circuit the ground-water-flow system and act as conduits for the trans port of contaminants. The existence and magnitude of this problem is largely undetermined.
This paper presents some of the results of several stud ies done by the U.S. Geological Survey (USGS) for the U.S. Environmental Protection Agency (USEPA) and the U.S. Navy. A combination of borehole geophysical methods, mea surements of vertical borehole flow, and analyses of borehole-fluid samples were used to assess the extent of aquifer cross-contamination in the Stockton Formation in southeast ern Pennsylvania. Borehole geophysical methods and mea surement of borehole flow were used to design and construct monitoring-well networks that do not cause aquifer cross-con tamination. The purpose of this paper is to show how those techniques were used to identify, determine the magnitude of, and prevent aquifer cross-contamination.
Location and Description of Study Area
The study area includes parts of Hatboro Borough in Montgomery County and Warminster Township in Bucks County, PA ( fig. 1 ). It is centered around an older industrial area typical of many other communities in southeastern Penn sylvania. Much of the industry dates back to or prior to the World War II era. Industrial and public-supply wells drilled into the Stockton Formation were constructed as open holes with short casings and are open to multiple water-bearing zones. Most monitoring wells drilled before 1991 were con structed as open holes that caused, or had the potential to cause, aquifer cross-contamination.
The study area includes three sites on the USEPA Na tional Priorities List (NPL), also known as superfund sites ( fig. 1 ). These sites are located in an older industrial area along Jacksonville Road. The Raymark NPL site has been the loca tion of a metal fabrication shop since 1948. Solvent contain ing trichloroethylene (TCE) used in manufacturing to clean and degrease metal parts was introduced into the environment at the location of a solvent storage tank, a metal degreaser, and four disposal lagoons. The Fischer and Porter NPL site is an active facility that produces water-flow and process-con trol equipment. In 1979, TCE and tetrachloroethylene (PCE) were detected in nearby public supply wells. The U.S. Naval Air Warfare Center (NAWC) NPL site is an active facility that conducts research, development, testing, and evaluation of naval aircraft systems. Various wastes were generated dur- ing aircraft maintenance and repair, firefighting training, ma chine-and plating-shop operations, spray painting, labora tory research and testing activities.
Geologic Setting
The study area is underlain by the Stockton Formation of Upper Triassic age, which is the basal unit in the TriassicJurassic Newark basin. The Newark basin is approximately 140 miles long and 32 miles wide and is the largest of the Triassic-Jurassic basins that extend from Nova Scotia to South Carolina. The basin received 16,000-20,000 feet of nonmarine sediments during the Late Triassic to Early Jurassic (Van Houten, 1969) . The Stockton Formation is about 6,000 feet thick and includes alluvial fan deposits, fluvial and lacustrine sandstones, and fluvial and near-shore lacustrine mudstones and siltstones (Turner-Peterson and Smoot, 1985) . In the study area, the Stockton Formation strikes approximately N. 65 E. and dips approximately 9 degrees NW. The rocks are chiefly interbedded arkosic sandstone and siltstone. Grain size changes both laterally and vertically. The rocks that underlie the study area belong to the middle arkose member (Rima et al., 1962) , but boreholes may penetrate the underlying lower arkose member.
Hvdrologic Setting
The rocks of the Stockton Formation form a complex, heterogeneous, multiaquifer system (Sloto and Davis, 1983) . This aquifer system is comprised of a series of gently dipping sandstone and siltstone beds that form lithologic units a few inches to tens of feet thick; each lithologic unit has different hydraulic properties. Secondary permeability is dominant. In general, the sandstone beds are the principal water-bearing units; but some of the finer-grained beds also may contain water-bearing zones. Because of the softness and fine grain size of the siltstone beds, water-bearing openings tend to clog. In addition, the softer siltstone beds deform without breaking under stress. Harder sandstone beds tend to develop joints and are more permeable. All of the lithologic units are hydraulically connected. Ground water in units at or near the land surface is under unconfined conditions; ground water in the deeper units may be confined or semiconfined. Most deep boreholes penetrate several water-bearing zones and are multiaquifer boreholes. Each water-bearing zone usually has a different hydraulic head, and the hydraulic head in a deep borehole is the com posite of the heads in the several water-bearing zones pen etrated. Where differences in hydraulic head exist between water-bearing zones, water in the borehole flows under nonpumping conditions in the direction of decreasing head; Head differences of over 9 feet in a 150-foot vertical interval have been measured in adjacent boreholes screened to differ ent depths at the Raymark NPL site.
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Borehole Geophysical Methods
Caliper, fluid-resistivity, fluid-temperature, naturalgamma, and single-point-resistance logs were run in 157 bore holes in the study area to interpret lithostratigraphy, locate water-bearing fractures, and determine zones of vertical bore hole-fluid movement. A complete suite of geophysical logs from borehole MG-1222 is shown on fig. 2 . Vertical flow measurements were made to determine the direction and rate of borehole-fluid movement in boreholes in which the logs indicated fluid flow. Samples of the fluid moving in selected boreholes were analyzed for VOCs (volatile organic com pounds) by the USGS National Water-Quality Laboratory in Arvada, CO.
Caliper Logs
Caliper logs provide a continuous record of average borehole diameter, which is related to fractures, lithology, and drilling technique. The caliper tool is calibrated at the land surface after each log is run. Caliper logs are used to help correlate lithostratigraphy, identify fractures and possible water-bearing openings, and qualitatively correct other geo physical logs for changes in borehole diameter. Correlation of caliper logs with single-point-resistance, fluid-resistance, and fluid-temperature logs was used to identify fractures, wa ter-producing and water-receiving zones.
Fluid-Resistivitv Logs
Fluid-resistivity logs measure the electrical resistance of fluid in the borehole. Resistivity is the reciprocal of fluid conductivity, and fluid-resistivity logs reflect changes in the dissolved-solids concentration of the borehole fluid. Fluidresistivity logs were used to identify water-producing and water-receiving zones and to determine intervals of vertical borehole flow. Water-producing and water-receiving zones usually were identified by sharp changes in resistivity, and intervals of borehole flow were identified by a low resistivity gradient between water-producing and water-receiving zones. Figure 2 . Caliper, natural-gamma, single-point-resistance, fluid-temperature, and fluid-resistivity logs from borehole MG-1222.
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Fluid-Temperature Logs
Fluid-temperature logs provide a continuous record of the temperature of the fluid in the borehole. Temperature logs were used to identify water-producing and water-receiving zones and to determine intervals of vertical borehole flow. Water-producing and water-receiving zones usually were iden tified by sharp changes in temperature, and intervals of verti cal borehole flow were identified by little or no temperature gradient. In the study area, fluid-temperature logs from wells with no borehole flow generally show a decrease in fluid tem perature with depth caused by surface heating in the upper part of the borehole and an increase in fluid temperature with depth as a function of the geothermal gradient in the lower part of the borehole. Intervals of vertical borehole flow were identified by little or no temperature gradient.
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Natural-Gamma Logs
Natural-gamma logs, also called gamma-ray logs, record the natural gamma radiation emitted from rocks penetrated by the borehole. Gamma radiation can be measured through casing, but the gamma response is damped. Uranium-238, thorium-232, and the progeny of their decay series and potassium-40 are the most common emitters of natural-gamma ra diation. These radioactive elements may be concentrated in clay by adsorption and ion exchange; therefore, fine-grained sedimentary rocks (siltstone units) usually emit more gamma radiation than do coarse-grained sedimentary rocks (sandstone units). Thus, natural-gamma logs were used to differentiate between sandstone and siltstone units.
Single-Point-Resistance Logs
Single-point-resistance logs record the electrical resis tance between the borehole and an electrical ground at land surface. In general, resistance increases with grain size and decreases with borehole diameter, the density of water-bear ing fractures, and increasing dissolved-solids concentration of borehole fluid (Keys, 1990) . A fluid-filled borehole is re quired for single-point-resistance logs, and they are run only for the saturated part of the formation below the casing. Singlepoint-resistance logs were used to correlate lithostratigraphy and sometimes helped to identify the location of water-bear ing zones because a fluid-filled fracture is less resistive than solid rock.
Measurement of Borehole Flow
Upon completion of geophysical logging, the suite of logs was evaluated to identify zones of potential borehole flow. The direction and rate of borehole-fluid movement was de termined by injecting a slug of high-conductance fluid at a specific depth in a borehole and monitoring the movement of the slug with the fluid-resistivity tool. This is the brine-trac ing method described by Patten and Bennett (1962) . The lower limit of flow measurement is about 0.5 gallons per minute in a 6-inch diameter borehole. Borehole flow was calculated by: 
where Q is borehole flow, in gallons per minute; V is the rate of vertical borehole fluid movement, in feet per minute; and r is the radius of the borehole, in feet. Figure 3 shows the movement of a slug of high-con ductance fluid injected 85 feet below land surface in 6-inch diameter borehole MG-1236. The slug moved downward at 3.8 feet per minute, which is equal to a flow rate of 5.6 gal lons per minute.
Use of Geophysical Logs to Identify Lithology
The response of geophysical logs to lithology was evalu ated on the basis of a comparison of 1,124 feet of continuous rock core from five boreholes in the study area to the geo physical logs from those boreholes. The comparisons were used as the basis for interpreting lithology from geophysical logs at other boreholes. Because the lithologic units of the Stockton Formation grade into one another, interfinger, and coalesce, none of the units could be used as marker beds within the lithostratigraphic sequence. On the basis of visual identi fication of the rock cores, eight lithologies were identified. They are:
INCREASING RESISTIVITY •
AR303576
(1) red, reddish-brown, or dark purple-grey, sometimes mi caceous siltstone (2) pinkish-grey, silty, fine-grained sandstone (3) dark grey, very fine-grained sandstone (4) grey to buff, fine-grained sandstone (5) grey, poorly sorted, fine-to medium-grained sandstone (6) grey, medium-grained sandstone (7) grey to buff, medium-to coarse-grained sandstone (8) light grey or brown conglomerate
Each lithologic unit has a certain amount of variability in terms of percent silt, percent organic content (lignite), amount of disseminated iron oxides in pore spaces, and fre quency of fractures. The majority of fractures are either filled or partly lined with calcite or kaolinite (in the siltstone units). Some fractures are coated with a light green, soapy textured mineral identified by X-ray diffraction analysis as muscovite.
In general, variations in natural-gamma and singlepoint-resistance responses correspond to compositional and textural variations within lithologic units. Thin interbeds in each unit also account for some variation in log response. Silt stone units were identified by an elevated gamma response and a low single-point-resistance response; caliche may cause a further decrease in resistance. Zones of increased borehole diameter (highly fractured zones) in the caliper logs correlate with fissile siltstone units; discrete increases in borehole di ameter indicate fractures. Silty, fine-grained sandstone was identified by a slightly elevated gamma response and com monly parallel variations in gamma and single-point-resis tance responses. Fine-grained sandstone was identified by a moderate to high single-point-resistance response and the low est gamma response. Medium-to coarse-grained sandstone was identified by a low gamma response and a single-pointresistance response somewhat higher than that of a fine grained sandstone. Construction of a three-dimensional lithostratigraphic model for part of the study area using cali per, natural-gamma, and single-point-resistance logs was de scribed by Sloto et al. (1992) . 
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Identification of Aquifer Cross-Contamination
Correlation of caliper logs with fluid-resistance and fluid-temperature logs was used to identify fractures and wa ter-producing and water-receiving zones and to determine intervals of vertical borehole flow. Caliper logs were used to identify fractures and possible water-bearing openings. Not all fractures shown on the caliper log of borehole BK-1834 ( fig. 4) , for example, are water-bearing fractures. Single-pointresistance logs were sometimes helpful for identification of water-bearing zones. Low single-point-resistance responses corresponding to the location of fractures identified them as possible water-bearing zones.
Water-producing and water-receiving zones were iden tified by sharp changes in fluid resistivity and fluid tempera ture. Intervals of borehole flow were identified by low fluidresistivity and fluid-temperature gradients between water-pro ducing and water-receiving zones. The fluid-resistivity log from borehole BK-1834 ( fig. 4) shows sharp changes in fluid resistivity at 67 and 277 feet below land surface with a very low resistivity gradient between these depths. The fluid-tem perature log from borehole BK-1834 ( fig. 4) shows sharp changes in fluid temperature at 66 and 273 feet below land surface with a very low temperature gradient between these depths. The fluid-resistivity and fluid-temperature logs indi cate a water-producing and a water-receiving zone with an interval of borehole flow. These logs, however, do not indi cate the direction of borehole flow.
The caliper log from Borehole BK-1834 ( fig. 4 ) shows fractures at 66 to 68.5 feet and 276 feet below land surface that correspond to observed changes in fluid resistivity and fluid temperature. To determine the direction and rate of bore hole flow, a slug of high-conductance fluid was injected at 75 feet below land surface; the slug moved downward at the rate of 17 gallons per minute. The fracture at 66 to 68.5 feet below land surface is the primary fluid-producing fracture in the borehole, and the fracture at 276 feet below land surface is the primary fluid-receiving fracture in the borehole. Water moves downward in the borehole between these fractures.
High-conductance-fluid slugs were injected at differ ent depths in 66 boreholes in the study area to determine the direction and rate of vertical borehole flow. As many as eight slugs were injected in a single borehole. Fluid movement at rates up to 17 gallons per minute was measured. The pre dominant direction of fluid movement was downward (36 boreholes). Generally, fluid moves downward from fractures in both the siltstone and sandstone beds in the upper part of the aquifer, which is unconfined, to fractures in the sandstone beds in the lower part of the aquifer, which is confined or semiconfined. Upward flow was measured in nine boreholes; most of these were located on the downdip side of a major drainage divide. Both upward and downward flow was mea sured in four boreholes; flow was downward in the upper part of the borehole and upward in the lower part of the borehole in three boreholes, and flow was upward in the upper part of the borehole and downward in the lower part of the borehole in one borehole. No measurable flow was detected in 13 bore holes where the logs indicated the potential for borehole flow. The direction and rate of borehole flow in four boreholes was not measurable because of low flow velocities caused by large borehole diameters (up to 14 inches), rough borehole walls, and possible horizontal flow through the formation and bore hole.
Sampling Borehole Flow
In the industrial area of Hatboro along Jacksonville Road and to the west, samples of borehole fluid moving in nine open-hole construction boreholes were collected for labora tory analysis ( fig. 1) . Five of the boreholes, 122 to 200 feet deep, were drilled in a line along dip for an aquifer test (one pumping well and four observation wells). One borehole, 470 feet deep, is an unused public supply well. One borehole, 323 feet deep, is an unused public supply test well. Two bore holes, 174 and 178 feet deep, were drilled as off-site monitor ing wells for the Fischer and Porter site. None of the bore holes sampled were on an NPL site. After intervals of bore hole flow were determined, a sample of the moving fluid was extracted with a nitrogen-driven bladder pump at a rate less than that of the measured borehole flow. Samples were ana lyzed for VOCs. Downward flow was measured in all of the sampled boreholes; the samples represent water moving from the shallow to the deeper part of the aquifer.
Fluid from all boreholes sampled contained detectable concentrations of VOCs. TCE and PCE were detected in samples from all boreholes. Chloroform, 1,1,1 -trichloroethane (TCA), and trans-1,2-dichloroethene (DCE) were detected in eight of nine boreholes sampled. Some compounds detected, such as trans-1,2-DCE, 1,1-dichloroethane (DCA), and vinyl chloride (VC) were never used in the study area and are deg radation products of other VOCs. Under anaerobic conditions, PCE successively degrades by reductive dechlorination to TCE; cis-l,2-DCE, trans-1,2-DCE; and/or 1,1-DCE; chloroethane; and VC (Parsons et al., 1984; Vogel and McCarty, 1985; Freedman and Gossett, 1989) . TCA anaerobically degrades to DCA. Concentrations of TCE, TCA, and 1,1-DCE in borehole-fluid samples as great as 5,800 pg/L, 1,400 pg/L, and 260 pg/L, respectively, indicate that some of the water moving downward in the aquifer through open bore holes is highly contaminated and that open boreholes may contribute substantially to groundwater contamination. 
where M is the quantity of a compound moving down a bore hole annually, in grams per year; Q is the measured borehole flow, in gallons per minute; and C is the concentration of the compound in the borehole fluid, in micrograms per liter.
Because most of the wells were sampled once and con centrations of VOCs vary temporally, the mass flux estimates should be considered an approximation. The data can be used to provide an estimate of the magnitude of cross-contamina tion. An estimated 80.9 kilograms per year (14.7 gallons) of VOCs were moving downward in the nine open boreholes sampled from the contaminated, upper part of the aquifer to the lower part. TCE accounts for 94 percent and TCA ac counts for 3 percent of the compounds.
In response to a verbal presentation of study results by the USGS, the USEPA Superfund Removal Branch plugged or reconstructed five of the sampled boreholes plus four other boreholes. The remaining four sampled boreholes were re constructed by the USGS so that they are now open only to a single water-bearing zone.
Use of Borehole Geophysical Logs in the Construction of Monitoring Wells to Avoid Cross-Contamination
Borehole geophysical logs were used as a guide to de sign and construct monitoring well networks at all three NPL sites. A deep (150 to 350 feet) borehole was drilled at each monitoring well cluster site, and a suite of geophysical logs was run. Interpretation of geophysical logs enable the identi fication of water-bearing zones that produce and receive wa ter; these are zones that should not be connected. From the logs, discrete intervals to be monitored at each monitoring well cluster were selected.
For example, construction of a cluster of three monitor ing wells at the location of MG-1222 on the Raymark NPL site demonstrates how geophysical logs ( fig. 2 ) were used to properly design and construct monitoring wells that avoid cross-contamination. The fluid-resistivity log of the initial, 8-inch diameter, 200-foot-deep borehole showed sharp decreases in fluid resistance at 83,128, and 189 feet below land surface. The fluid-temperature log showed intervals of nearly constant temperature at depths of about 50-80, 80-130, and 130-192 feet below land surface. The caliper and/or single-point-re sistance logs indicated fluid-filled fractures at depths of 56, 61, 63, 83, 90, 127, 149, 154, 180, 188, and 192 feet below land surface. A slug of high-conductance fluid injected at 80 feet below land surface moved downward at 0.87 feet per minute, which is equal to a rate of 2.3 gallons per minute. A slug of high-conductance fluid injected at 95 feet below land surface moved downward at 1.0 foot per minute (2.6 gallons per minute), and a slug injected at 170 feet below land sur face moved downward at 1.3 feet per minute (3.5 gallons per minute). Interpretation of the geophysical logs and boreholeflow-measurement data indicate that water-producing frac tures from 56 to 63 feet below land surface in a silty, fine grained sandstone unit produce 2.3 gallons of water per minute, which moves downward under static conditions. An additional 0.3 gallons of water per minute enters the borehole and moves downward from a water-producing fracture in the same unit at 83 feet below land surface. An additional 0.9 gallons of water per minute enters the borehole and moves downward from a water-producing fracture in a fine-grained sandstone unit at 128 feet below land surface. Water exits the borehole through a water-receiving fracture in a medium-to coarse grained sandstone unit at 188 feet below land surface. No borehole flow occurs below 188 feet below land surface.
The 200-foot-deep borehole MG-1222 was recon structed as a monitoring well screened from 185 to 195 feet below land surface to monitor the fluid-receiving zone at 188 feet below land surface. Two additional boreholes were drilled adjacent to MG-1222 and constructed as monitoring wells screened in a shallow and an intermediate zone. The borehole screened in the intermediate zone (118 to 138 feet below land surface) monitors the fluid-producing zone at 128 feet below land surface. The borehole screened in the shallow interval (33 to 63 feet below land surface) monitors the upper, unconfined part of the aquifer system, which includes the fluid-pro ducing zones from 56 to 63 feet below land surface. The three boreholes at well cluster MG-1222 monitor the major waterproducing and water-receiving zones above 200 feet below land surface without allowing a cross-connection between the zones.
Conclusions
A combination of borehole geophysical methods, mea surements of vertical borehole flow, and analyses of bore hole-fluid samples provided effective methods to identify fluid-producing and fluid-receiving zones, determine the rate and direction of borehole flow, and assess an aquifer crosscontamination problem. Borehole geophysical methods were used to identify fluid-producing and fluid-receiving fractures and zones of fluid movement. Borehole-flow measurements provided data on the direction and rate of borehole-fluid move ment. Sampling and analysis of moving borehole fluid pro vided concentrations of VOCs. In an industrial area of Hatboro, an estimated 80.9 kilograms per year (14.7 gallons) of VOCs were moving downward from the contaminated, upper part of the aquifer to the lower part, which is tapped by publicsupply wells through nine open boreholes that were sampled. The magnitude of this flow indicates that cross-contamina tion caused through open boreholes is a serious problem af fecting ground-water supplies. Geophysical logs and bore-hole flow measurements also provide an excellent basis to design and construct monitoring wells in such a way as to avoid aquifer cross-contamination.
